The importance of histidine tautomerism for an accurate drug/protein structure determination and their relevance for the interaction between biological systems is recognized. Consequently, here we used a recently introduced method to determine the pKa values of ionizable residues and fractions of ionized and tautomeric forms of histidine and acid residues in protein, as a function of pH, to analyze a histidine-rich protein, specifically, to study the accuracy of the prediction of the tautomeric fractions of the imidazole ring of each of the 6 histidine residues of diisopropylfluorophosphatase (pdb id 1E1A), a 314-residue all beta-protein, from Loligo vulgaris. The average tautomeric fractions of the His was compute by using an approach that includes, but is not limited to, 
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Introduction 1
Histidine (His) is a unique residue for a number of reasons: i) about 50% of all 2 enzymes use His in their active sites Shimba et al., (2003) ; ii) His, with a pK o of 6.6 at T 3 = 300 K (Demchuk & Wade, 1996) , titrates around neutral pH, enabling the 4 deprotonated nitrogen of its imidazole ring to serve as an effective ligand for metal 5 binding; iii) the imidazole ring of His (see Figure 1 ) includes two neutral, chemically 6 distinct forms, and a protonated form, referred to as N δ1 -H and N ϵ2 -H tautomers, and 7 His + , respectively; one form is favored over the others by, mainly, the local protein 8 environment and the pH. In particular, it has been suggested that tautomerization of the 9 neutral state and variations of χ imidazole ring of histidine in proteins accurately as a function of pH, provided that only 22 the 3D structure of the protein is known, is necessary. 23
As a contribution to the problem of accurate computation of the ionization 1 phenomenon and the fractions of ionized and neutral tautomer forms of histidine and 2 acid residues in proteins, from only their 3D structures, was recently presented 3 (Vorobjev, Scheraga & Vila, 2017) . This method is based on a Molecular Dynamics 4 (MD) simulation, to account for the protein conformational dynamics, together with an 5 effective version of a continuum electrostatic method, for an accurate prediction of the 6 pKa's of the residues in a protein in solution as a function of pH. In particular, this new 7 method was validated by using a large-set of 297 experimental pKa dataset from 34 X-8 ray and NMR-determined proteins. Here, this new method is applied to estimate, at pH 9 6.5 and 300 K, the tautomeric fractions of 6 histidine residues of a 314-residue all -10 protein, namely 1E1A (Scharff et al., 2001) , for which the observed tautomeric fractions 11 of the histidine forms, namely the N
1
-H and N
2
-H forms respectively, were obtained 12 from an NMR-based method (Vila et al., 2011) . 13
There are a number of reasons as to why the use of protein 1E1A is interesting. 14 Among others, we can mention the following: (i) this protein, to the best of our 15 knowledge, possesses the larger number of His residues (6) for which the His at a given fixed pH; and (iv) kinetic studies in combination with site-directed 23 mutagenesis reveal that His287, at the active site, is crucial for the 1 diisopropylfluorophosphatase (pdb id 1E1A) hydrolysis (Scharff et al., 2001) . 2
Materials and Methods 3
Calculation of the fraction of tautomeric and charged form of His 4
For the computation of the energies of ionization microstates and the free energy 5 of ionization, see Vorobjev, Scheraga & Vila (2017) . As already mentioned, in the latter 6 manuscript, it is common practice (Bashford et al., 1993; Couch & Stuchebrukhov, 7 2011; Machuqueiro & Baptista, 2009; Wihtam et al., 2011; Anandakrishn, Aguilar & 8 Onufriev, 2012; Nielsen, Gunner & Garcia-Moreno, 2011; Bashford & Karplus, 1990; 9 Beroza et al., 1991; Yang et al., 1993; Yan & Honig, 1993) to use a continuum 10 dielectric model to calculate the free energy of solvation, i.e., the free energy of solvent 11 polarization, by solving the Poisson equation either by the finite difference method 12 (Alexov et al., 2011; Son, Mao & Gunner, 2009; Yang et al., 1993; Yang & Honig, 13 1993) or by the Fast Adaptative Multi-Grid Boundary Element (FAMBE) method 14 (Vorobjev, Almagro & Hermans, 1998; Vorobjev & Hermans, 1997 , 1999 Vorobjev & 15 Scheraga, 1997; Vorobjev, 2011 Vorobjev, , 2012 for which an accurate version of the 16 Generalized Born Model, namely GB-MSR6C, has been developed (Vorobjev, 2011 (Vorobjev, , 17 2012 . Consequently, and for the reason already discussed (see Vorobjev, Scheraga & 18 Vila, 2017) , here we will use the GB-MSR6C for all the pKa calculations. 19
There is evidence (Vorobjev, Vila & Scheraga, 2008; Loffler, Schreiber & 20 Steinhauser, 1997; Vorobjev, Scheraga & Vila, 2017) indicating that a calculation of 21 ionization equilibria by using a large value of D i = 16, for a fixed protein conformation, 22 accounts for solvent structure mobility and reorganization due to nonstructural 23 responses, such as the charge redistribution. For this reason, in this manuscript a D i = 16 1 was adopted as the internal dielectric constant (Vorobjev, Scheraga & Vila, 2017) . 2 Moreover, a consistent set of atomic charges for protein residues in neutral and ionized 3 states was computed by fitting the electrostatic potential of the atomic charges to the 4 reference electrostatic potential, which was calculated by a high-quality quantum 5 mechanical method (Arnautova et al., 2009) . 6
Molecular dynamics simulations 7
Protein dynamics in water was taken into account by carrying out MD 8 simulations with implicit solvent, namely by using the Lazaridis-Karplus solvent model 9 (Lazaridis & Karplus, 1999) with the BioPASED program (Popov & Vorobjev, 2010) . 10
For the MD simulations the following standard protocol was used: (i) the starting 11 conformation was the deposited crystal structure after energy optimization; (ii) the 12 system was heated slowly from 1K to 300K during 150 ps; (iii) a final equilibration at 13 300K, during ~0.5 ns, was carried out; and (iv) the equilibrium MD trajectories of the 14 protein dynamics, during 10 ns, was collected as snapshots taken every 50 ps time-15 interval. Calculation of the average degrees of ionization and the tautomeric fractions of 16 the imidazole ring of His, for each snapshot, was carried out as described in the Material 17 and Methods section of Vorobjev, Scheraga & Vila (2017) . 18
An NMR-based methodology to estimate the tautomeric fraction of His 19
The tautomeric fraction of the imidazole ring of His will be determined by an 20 NMR-based methodology (Vila et al., 2011) , namely by using the following equation: 21 (1) will be adopted as a reference 3 value with which to compare the electrostatic-based predictions, of the tautomeric forms 4 for the imidazole ring of His, obtained with the GB-MSR6c-pK+MD methodology 5 (Vorobjev, Scheraga & Vila, 2017) . In addition, to take into account the conformational 6 dynamics of protein 1E1A in a solvent, an MD simulation in water solution was carried 7 out by using the BioPASED program (Popov & Vorobjev, 2010) with the AMBER 8 force field (Cornell et. al., 1995) . Calculations of pKa are carried out at pH = 6.5 by 9 considering all ionizable residues with variable ionization degrees, as previously 10 described (Vorobjev, Scheraga & Vila, 2017) . Figure 3b) could be a simple consequence of the 1 fact that this residue is well exposed to the solvent (see Table 1 ) and, hence, exhibiting a 2 large fluctuation of its surface area. 3
Analysis of the data listed in Table 1 indicates that there are two His residues, 4 His274 and His287, for which the computed tautomeric fractions show the best 5 agreement with the reference values, namely with an absolute difference () of ~7% 6 and ~0%, respectively. In particular, the computed tautomeric fraction of His274 shows 7 a preference for the N  -H rather than the N 2 -H tautomer (see Table 1 ). Notable, the 8 forms of the imidazole ring of His in the sequence are accurately predicted within an 10 average error of ~0.11. While this accuracy of the method is encouraging, it is worth 11 noting that a recently-introduced quantum-mechanical-based method (Kromman et al., 12 2016) to estimate the pKa of small molecules shows very promising accuracy although 13 it is, for the moment, limited to small compounds. 14 Overall, the only necessary requirement for an accurate prediction of the 15 populations of the His forms in proteins, by using the coupled molecular dynamics and 16 electrostatic-based methods used here, is the 3D structure. This advantage of this 17 method could be a very valuable tool when the determination of the computed by using the SIMS method (Vorobjev, Almagro & Hermans, 1998) , is listed. [see Table S1 of Vila et al., 2011] . 
